The human cathelicidin LL-37 has been shown to play a role in host defense against influenza A viruses (IAV) through direct antiviral effects and through modulating inflammatory responses to infection. We recently showed that LL-37 increases neutrophil respiratory burst and neutrophil extracellular trap (NET) responses to IAV through engaging formyl peptide receptor 2 (FPR-2). In this paper we show that a fragment of LL-37, GI-20, which is composed of the central helical segment of the peptide, has similar effects as LL-37 on neutrophil activation. In addition to increasing respiratory burst and NET responses of the cells to IAV through an FPR-2 dependent mechanism, it reduces neutrophil IL-8 production to IAV (also like LL-37). The N-terminal fragment, LL-23, did not have similar effects. Both GI-20 and LL-37 increase neutrophil intracellular calcium levels and their ability to increase neutrophil activation responses was calcium dependent and partially inhibited by pertussis toxin. These studies show that the central helix of LL-37 retains the ability of LL-37 to modulate neutrophil responses through FPR-2. Based on our findings we developed a homology model of FPR-2 and performed docking experiments of LL-37 and GI-20 with the receptor.
Introduction
Innate immunity plays a key role in the initial phase of the response to influenza A virus (IAV) infection [1] . Overall the innate response to IAV appears to be protective; however, some aspects of the response may contribute to inflammatory injury in the lung as well. There is strong evidence that antimicrobial peptides, including defensins and the cathelicidin, LL-37, contribute to the innate response to IAV. Antimicrobial peptides, including LL-37, have two modes of action in host defense: direct inhibition of infectivity of various pathogens and modulation of responses of various immune cells [2] . Defensins and LL-3 inhibit IAV in vitro [3] [4] [5] [6] [7] [8] [9] [10] . Neutrophils are a major component of the early response to IAV in the respiratory tract and they likely serve as a source of defensins and LL-37 [11] . Respiratory epithelial cells also produce LL-37 and β-defensins in response to infection. Hence it is likely that these peptides are present in significant quantities during the early phase of IAV infection. LL-37 has been shown to improve outcome of IAV infection in mice through inhibition of viral replication and reduction of virus-induced pro-inflammatory cytokine generation [12] . Upregulation of LL-37 expression by stimulation with LTB4 correlated with improved outcome of IAV infection in mice [13] . Defensins, retrocyclins and LL-37 all have been shown to modulate phagocyte responses to IAV and other pathogens [14] . LL-37 also causes secondary necrosis of apoptotic neutrophils [15] . This effect was found to be retained in the murine homologue of LL-37 (called CRAMP) and C-terminal but not N-terminal fragments of LL-37. Defensins have distinct mechanisms through which they modulate neutrophil responses compared to LL-37. Defensins aggregate IAV and increase IAV uptake by neutrophils while reducing neutrophil respiratory burst responses to the virus [16] . In contrast, LL-37 does not aggregate IAV or increase neutrophil uptake of the virus, but it does increase the virus induced neutrophil respiratory burst response [17] . LL-37 also increases neutrophil extracellular trap (NET) formation in response to IAV [17] . LL-37 inhibits pro-inflammatory phagocyte cytokine responses to various stimuli including LPS and IAV [17, 18] . We found specifically that LL-37 reduced neutrophil IL-8 production in response to IAV. There is evidence for several specific receptors for LL-37 on immune cells, including formyl peptide receptor 2 (FPR2; formerly referred to as formyl peptide receptor like 1 or FPRL1) on neutrophils, monocytes and lymphocytes [19] , GAPDH in the cytoplasm of monocytes [20] , CXCR2 on neutrophils [21] , epidermal growth factor receptor on epithelial cells [22] , and P2X7 in neutrophils and other cells [23] . We found that the ability of LL-37 to increase neutrophil respiratory burst responses and NET formation in response to IAV is counteracted by blockade of FPR2 using the specific inhibitor WRW4 [17] .
There are naturally occurring fragments of LL-37 produced in tissue sites [24] and there have been efforts to determine which fragments of the protein retain anti-microbial and/or immune modulatory activities [25] [26] [27] [28] . We have studied various synthesized fragments of LL-37 that have been reported to have increased anti-bacterial or antiviral activity [29, 30] . In the current study we compare the ability of biologically active fragments of LL-37 to modulate neutrophil responses to IAV with that of full length LL-37. Of the fragments tested in the current study, LL-23 is known to be a naturally occurring one, whereas the others are not known to occur naturally. One of the fragments, GI-20, which is composed of the central helix of LL-37 was of particular interest since it has been shown to be entirely helical in structure and to have the highest activity against HIV [31] . In addition, we recently showed that GI-20 retains the antiviral activity of LL-37 for IAV and also can inhibit pandemic IAV of 2009, whereas full length LL-37 cannot [32] . In this paper we show that GI-20 has very similar effects on neutrophil responses to IAV and, like LL-37, appeared to engage FPR2 on neutrophils. We also analyzed further the mechanisms through which LL-37 and GI-20 increase neutrophil respiratory burst responses to IAV.
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Virus Preparations
Philippines 82/H3N2 (Phil82) strain was kindly provided by Dr. E. Margot Anders (Univ. of Melbourne, Melbourne, Australia) and grown in the chorioallantoic fluid of ten day old chicken eggs and purified on a discontinuous sucrose gradient as previously described [33] . The virus was dialyzed against phosphate buffer saline (PBS) to remove sucrose, aliquoted and stored at -80°C until needed. Post thawing the viral stocks contained~5x10 8 
Human Neutrophil Preparation
Neutrophils from healthy volunteers were isolated to > 95% purity by using dextran precipitation, followed by Ficoll-Paque gradient separation for the separation of mononuclear cells (layering above the Ficoll-Paque) and neutrophils (below the Ficoll-Paque). The neutrophils were purified further by hypotonic lysis to eliminate any contaminating erythrocytes, as previously described [33] . Cell viability was determined to be >98% by trypan blue staining. The isolated neutrophils were resuspended at the appropriate concentrations in PBS and used within 2 hours. Neutrophil collection was done with written informed consent as approved by the Institutional Review Board of Boston University School of Medicine. The written consent form was specifically approved by the Institutional Review Board and copies were kept in a locked cabinet only accessible to approved personnel involved in the study. To remove extracellular and intracellular calcium for certain assays, the neutrophils were incubated with BAPTA or BAP-TA-AM at final concentrations of 100 μM for 45 min at 37°C, followed by re-suspension of the cells in fresh buffer for assays of H 2 O 2 production or NET formation.
Measurement of IAV uptake by neutrophils
Fluorescein isothiocyanate (FITC)-labeled IAV (Phil82 strain) was prepared and uptake of virus by neutrophils was measured by flow cytometry as described [34] . In brief, IAV was treated with various doses of LL-37 for 30 min at 37°C. Then it was incubated with cells for 45 minutes at 37°C in presence of control buffer. Trypan blue (0.2 mg/ml) was added to these samples to quench extracellular fluorescence. Following washing, the neutrophils were fixed with 1% paraformaldehyde and neutrophil associated fluorescence was measured using flow cytometry. The mean cell fluorescence (>1000 cells counted per sample) was measured.
Measurement of neutrophil H 2 O 2 production
H 2 O 2 production was measured by assessing reduction in scopoletin fluorescence as previously described [35] . Measurements were made using a POLARstar OPTIMA fluorescent plate reader (BMG Labtech, Durham NC). WKYMV peptide was used at a concentarion of 10 nM. For WRW4 treatment, neutrophils were incubated with 20 μM WRW4 for 5 mins at room temperature and then used for experiment. 
Assessment of NET formation

Measurement of IL-8 production by neutrophils
For testing the effect of peptides on IL-8 production, neutrophils were re-suspended in PBS and infected with Phil82 virus. The virus was pre-incubated peptides for 30 min at 37°C prior to addition to neutrophils. The neutrophils were then treated with these virus (+/-peptide) preparations for 45 min in a CO 2 incubator. After this the cells were pelleted and then re-suspended and cultured in RPMI with 10% heat inactivated autologous serum for 20 hrs. After 20 hrs, the supernatant was collected and assayed for IL-8 using a commercially available ELISA kit (BD Biosciences, San Diego, CA) according to the manufacturer's instructions. Cells without any stimulus or with LPS as stimulus (100 ng per 5x10 5 cells, Sigma-Aldrich, St Louis, MO) were used as negative and positive controls in the experiment. As additional controls other cultures of the cells were treated with heat-inactivated IAV or UV-irradiated IAV [36] .
Measurement of intracellular calcium responses of neutrophils
Intracellular calcium responses of neutrophils was measured using the Fluo-4 NW calcium assay kit (Molecular Probes, Invitrogen). This assay has the advantage that it is not necessary to wash cells after addition of the Fluo-4 dye. Briefly cells are incubated with assay buffer (Hank's balanced salt solution with 20 mM HEPES) for sixty minutes at 37°C at a concentration of 2x10 6 
Homology model of formyl peptide receptor 2
The homology model of the formyl peptide receptor 2 (FPR2) was built using the I-TASSER server [37] . The templates used for the building included the CCR5 chemokine receptor [38] , the human delta opioid receptor [39] , and the human β2-adrenergic G protein-coupled receptor [40] . The 4 models of the NMR structure of LL-37 [28] were then docked to the FPR2 model using the ClusPro 2.0 server [41] .
Results
The central fragment of LL-37, GI-20, potentiates neutrophil respiratory burst response to IAV but N-terminal fragments and CRAMP do not
As shown in Fig 1A , IAV alone causes a modest, but significant increase in neutrophil H 2 O 2 production as previously reported [42] . Pre-incubation of IAV with GI-20 caused a marked, dose-dependent increase in neutrophil H 2 O 2 response to IAV. These results were very similar to those we have reported with full length LL-37 [43] . We have previously reported that LL-37 on it's own does not trigger any H 2 O 2 production from neutrophils [43] . For this study we found that GI-20, LL-23 or LL23V9, did not trigger any greater H 2 O 2 production than PBS buffer alone (data not shown; n = 3). We also tested the activity of a several other fragments of LL-37, including the N-terminal fragments, LL-23 and LL-23V9, and the shorter central fragments, FK-13 and KR-12. LL23V9 was synthesized by Dr. Wang in order to form a continuous hydrophobic surface on the peptide. It has been shown to have increased anti-bacterial activity compared to the native fragment, LL-23 [27] . The LL-23 and LL-23V9 fragments did not increase neutrophil H 2 O 2 production in response to IAV. The combination of KR-12 and IAV caused a slight increase in H 2 O 2 production compared to IAV alone (Fig 1B) . CRAMP at a concentration of 32 μg/ml did not significantly increase H 2 O 2 production. Neither GI-20, nor the other peptides, caused an increase in viral uptake by neutrophils (data not shown). This was tested using fluorescent labeled IAV and flow cytometry. LL-37 also did not have this effect in prior studies [43] .
Pre-incubation of neutrophils with WRW4 (and FPR-2 blocker) inhibited H 2 O 2 production in response to the WKYMV peptide but did not reduce the response to IAV alone (Fig 2A) . H 2 O 2 production triggered by the combination of GI-20 and IAV was partially inhibited by WRW4 (Fig 2A) . Pre-incubation of the neutrophils with pertussis toxin (PT) also partially reduced the response to IAV which had been pre-incubated with either LL-37 or GI-20 ( Fig  2B) . In Fig 2B the maximal reduction in scopoletin fluorescence (the indicator of H 2 O 2 production) after 15 min of incubation with IAV are shown.
In order to further probe the structural requirements of receptor activity we compared the ability of the D-and L-isomers of GI-20 to potentiate respiratory burst responses. As shown in Fig 3, the D-isomer forms of GI-20 had nearly identical ability to increase responses as the Lisomer. Neither isomer of GI-20 caused neutrophil production of H 2 O 2 on its own in absence of virus (data not shown).
IAV induced neutrophil extracellular trap (NET) formation is increased by pre-incubation of the virus with GI-20
As previously reported, IAV alone induced NET formation by neutrophils [43] . As shown in Fig 4, GI-20 increased NET formation in response to IAV. GI-20 elicited NET formation on its own as well; however, significantly greater NET formation resulted from the combination of GI-20 and IAV than from either GI-20 or IAV alone. Fig 3B shows also that WDW4 reduced the NET response of neutrophils to the combination of IAV and GI-20. In contrast, DPI (inhibitor of the NADPH oxidase) did not reduce the response. These results are again similar to those obtained with LL-37 and IAV [43] . Effects of GI-20 on neutrophil IL-8 production
We have reported that IAV strongly induces IL-8 production by neutrophils and that this response is reduced by pre-incubation of the virus with LL-37 [43] . Unlike the relatively immediate H 2 O 2 response, IL-8 production occurs hours after incubation with IAV and peaks at 18 to 24 hours. As shown in cause slight, but significant, reduction in the response. The effect of GI-20 was not dose related and in fact seemed to diminish at the highest concentration tested (40 μg/ml). This may in part reflect the fact that this concentration of GI-20 caused slight stimulation of IL-8 production in the absence of IAV. LPS triggered IL-8 production and pre-incubation of LPS with GI-20 showed a trend toward reducing this response but this was not statistically significant.
Role of neutrophil intracellular calcium signaling in potentiation of neutrophil activation by LL-37 and GI-20
LL-37 and GI-20 on their own caused marked and sustained elevation of neutrophil intracellular calcium levels as determined by Fluo-4 fluorescence (Fig 6A and 6B) . Wan et al previously showed similar results for LL-37 [44] . As in our prior studies IAV or fMLP alone caused an initial rise in intracellular calcium which then returned at least partially to baseline (Fig 6A and  6B) . When IAV was pre-treated with either LL-37 or GI-20 there was a greater rise in intracellular calcium as compared to IAV alone (Fig 6A) . To determine the extent to which intracellular calcium contributed to respiratory burst and NET responses to IAV or IAV complexed with LL-37, we tested the effects of intra-and/or extra-cellular calcium chelation on the responses using BAPTA or BAPTA-AM. In these experiments IAV caused a slight elevation of H 2 O 2 generation as compared to control buffer, and this was again increased when the virus was pre-incubated with LL-37. BAPTA chelates extracellular calcium while BAPTA-AM chelates intracellular calcium. BAPTA alone caused partial (but statistically significant) reduction in H 2 O 2 responses to combinations of LL-37 with IAV (Fig 7A) . This indicates a partial dependence of the enhanced response caused by LL-37 on extracellular calcium. The effects of intracellular calcium chelation were more pronounced. BAPTA-AM or the combination of BAPTA plus BAPTA-AM inhibited responses to IAV or IAV plus LL-37 to the level of control buffer (Fig 7B) . The effects of BAPTA-AM on NET formation in response to IAV+LL-37 were less pronounced (Fig 8) ; however, the combination of BAPTA-AM and BAPTA together did significantly reduce NET formation in response to IAV +LL-37. LL-37 alone elicited NET formation to some extent in these experiments, although the degree of NET formation caused by the combination of IAV and LL-37 was significantly greater than for either LL-37 or IAV alone. Intracellular and extracellular calcium chelation with BAPTA-AM or BAPTA significantly reduced the NET response to LL-37 alone. 
Discussion
In addition to its action as an anti-microbial and anti-viral peptide, LL-37 has important immune-modulatory activities mediated through interaction with a variety of receptors on phagocytes and other cells. We have shown that the ability of LL-37 to markedly potentiate neutrophil respiratory burst and NET responses to IAV is mediated at least in part by FPR-2.
In the current study we show that GI-20 has similar effects. These effects of GI-20 were largely mediated by FPR-2 since they were inhibited by the FPR-2 blocker WRW4 and partially pertussis toxin sensitive. We show as well that GI-20 reduces IL-8 production triggered by IAV in neutrophils (also like LL-37). In contrast, the N-terminal fragment LL-23 lacked these activities. GI-20 is composed of the extended central helix of LL-37. KR-12 and LK-13 have anti-bacterial activity and are also derived from the central helix of LL-37. They had only minimal ability to increase neutrophil respiratory burst response to IAV. Overall these findings indicate that GI-20 retains the ability to modulate neutrophil responses to IAV in a similar manner as LL-37 and is able, like LL-37, to engage FPR-2 on these cells, whereas N-terminal fragments of LL-37 do not.
Of interest, the murine cathelicidin, CRAMP, did not potentiate virus induced respiratory burst responses suggesting lack of interaction with human FPR-2. When complexed with LL-37, poly I:C is directed to a different endocytic pathway in human airway epithelial cells compared to poly I:C alone [45] . This re-direction is dependent on interaction with FPR-2 and CRAMP did not share this activity. Despite other similarities, therefore, CRAMP and LL-37 may have distinct interactions with FPR-2 or other receptors.
The ability of LL-37 and GI-20 to potentiate initial activation responses of neutrophils to IAV appears to be dependent their ability to elevate intracellular calcium levels. GI-20 caused a very similar strong and sustained rise in intracellular calcium as LL-37. Chelation of intracellular calcium fully abolished the respiratory burst response to IAV or IAV complexed with LL-37. Calcium chelation also reduced NET formation in response to IAV+LL-37, although the inhibition was not as complete as for respiratory burst responses. DPI, a strong inhibitor of respiratory burst responses of neutrophils mediated through the NADPH-oxidase (NOX), did not inhibit NET responses to IAV or IAV+LL-37 (as previously reported) or IAV+GI-20 Fig 8 . Effect of calcium chelation on NET response-Neutrophils were treated with either IAV alone (Phil82 strain) or IAV that had been pre-incubated with LL-37 (32 μg/ml). NET generation was measured as in Fig 3 using the Sytox green assay. Prior to treating the neutrophils with IAV, they were pre-incubated with either BAPTA, BAPTA-AM or both to chelate extra-and/or intra-cellular calcium. As in prior experiments, IAV increased NET response compared to PBS alone, and LL-37 significantly increased the NET response to IAV. LL-37 alone (at the highest concentration tested) did cause increased NET formation compared to PBS alone. However, the combination of IAV and GI-20 caused significantly more NET formation than either stimulus alone (p<0.05 by ANOVA). The combination of BAPTA and BAPTA-AM significantly decreased the NET response to LL-37 alone or the combination of IAV and LL-37 (** indicates p<0.05; n = 5 with separate neutrophil donors).
doi:10.1371/journal.pone.0133454.g008
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( Fig 4B) . These findings indicate that the ability of LL-37 to potentiate NET responses to IAV is not causally linked to respiratory burst activation. Further studies are underway to elucidate the mechanism of IAV or IAV+LL-37 NET formation. A recent study by Douda et al demonstrated a calcium activated, but NOX-independent, form of NETosis [46] . Such a pathway may be involved in IAV or IAV+LL-37 mediated NETosis.
Our studies provided the basis for development of a homology model for the interaction of LL-37 with FPR-2. We developed a homology model of FPR-2 (whose crystal structure has not been established), using known structures of related seven transmembrane spanning G-protein coupled receptors (see Fig 9) . Using this model we performed docking experiments with the known NMR structure of LL-37. The best fit model is shown in Fig 10. Note that LL-37 did not bind to the formyl peptide receptor binding pocket but rather to the membrane interface of the receptor. Based on this model the ability of LL-37 to activate the receptor would depend on allosteric changes in the receptor. The model fits well with our findings in that the area of On the left is a ribbon diagram of the model colored as a rainbow spectrum starting with red at the N-terminus and violet at the C-terminus, showing the seven transmembrane helices expected for this receptor. On the right is a molecular surface of the model colored by residue type-grey for hydrophobic residues, yellow for polar non-charged residues, blue for positive residues, and red for negative residues. The approximate position of the membrane is shown based on the hydrophobic and positive charge regions of the protein surface. The N-terminus is expected to be on the extracellular side of the membrane with the C-terminus in the cytoplasm. The formyl peptide binding site is located in a pocket formed in the middle of the transmembrane helices. Residues predicted to bind formyl peptides are found lining this pocket.
doi:10.1371/journal.pone.0133454.g009 
contact of LL-37 with the receptor overlaps with that of GI-20. It is well established that LL-37 interacts with membranes and our model is consistent with this and also accounts for the ability of GI-20 to activate this receptor. The failure of LL-23 to activate the receptor suggests that amino acids 24-32 may make key contacts with the receptor (since these are included in GI-20 but not in LL-23). Also amino acids 1-12 do not seem to be necessary for receptor interaction. Amino acids 1-4 do not contact the receptor surface in our model. Initially we were surprised that the D-isomer of GI-20 retained the respiratory burst activating effect, however, this also is consistent with our model. If LL-37 were interacting in a stereospecific manner with the formyl peptide binding domain of the receptor then the D-isomer would not be expected to retain activity. However, the D-isomer is expected to fold as a left handed helix, with similar amphipathic nature and curvature as the L-isomer (i.e. a complete mirror image). Given this then the interaction with FPR-2 could be retained based on our model.
The model of course requires further testing. Lacking a formal structure of the any formyl peptide receptor it is not possible to take a receptor mutagenesis approach. Singh et al found that a chimera containing amino acids 1-29 of LL-37 and 30-37 of CRAMP retained the ability of LL-37 to activate responses to poly I:C in airway epithelial cells, whereas a construct in which amino acids 30-37 of LL-37 were substituted into CRAMP did not [45] . This suggests that at a minimum amino acids up to 29 are needed for FPR-2 interaction and that the divergence between LL-37 (or and CRAMP leads to loss of the ability to activate FPR-2 in the presence of IAV. As shown in Table 1 , CRAMP is not highly homologous with LL-37. In the region shared with GI-20 there are only 8 conserved amino acids. Hence, it is possible that the divergent amino acids play and important role in interaction of GI-20 with FPR-2. Use of variously modified forms of LL-37 or GI-20 is an approach that we plan to take to validate our model.
There are some caveats with regard to our model that remain hard to fully explain. There is the question of how WDW4 which binds to the formyl peptide binding pocket can inhibit responses elicited by LL-37 or GI-20 when these bind to a different domain of the protein. We can only speculate that binding of WDW4 in some way locks the receptor so that it cannot undergo the allosteric change mediated by LL-37 or GI-20. LL-37 and GI-20 do not inhibit IAV's hemagglutination activity and it is hemagglutinin binding that mediates direct activation of neutrophils by IAV [47] . We propose that activation by the complex of IAV with LL-37 or GI-20 involves two pathways (through engagement of FPR-2 and engagement of distinct IAV receptors). We have similar findings with regard to enhanced neutrophil respiratory burst activation by IAV complexed with surfactant protein D or other collectins [48] . This would explain why the activation is only partially inhibited by pertussis toxin (which blunts the FPR-2 mediated component of the response). Hopefully, further research will be able to clarify these issues. Note that lipoxin A, resolvin, serum amyloid protein and annexin A-1 also bind to FPR-2 resulting variably in anti-and pro-inflammatory effects [44, 49, 50] . Hence, a better understanding of the possibly diverse mechanisms through which the receptor can be triggered is very important. We have previously shown that GI-20 retains the antiviral activity of LL-37 and has the ability to inhibit pandemic IAV while LL-37 does not [51] . In this paper we show that GI-20 modulates neutrophil activation in a manner similar to LL-37. GI-20 or other derivatives of the central helix of LL-37 appear, therefore, to be of interest for development as therapeutics. 
Author Contributions
